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INTRODUCTION
As essential constituents of supramolecular structures such as metal-organic frameworks (MOFs) and hydrogen bonded networks, aromatic carboxylic acids are widely exploited in self-assembly processes both in the solution phase and at interfaces. On metal or graphite surfaces the focus has been on the formation of two dimensional molecular patterns of flat lying molecules through either hydrogen bonding or metal-organic coordination. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Investigations comprise both the ultrahigh vacuum (UHV) environment and the liquid/solid interface, the latter also including the electrochemical interface. [13] [14] [15] [16] [17] Compared to these activities only a few studies have focused on the formation of self-assembled monolayers * (SAMs) where, analogous to the extensively studied thiols and silanes [18] [19] , molecules adopt an upright configuration with the carboxylate moiety acting as head group to anchor the molecule via coordination bonding. Preparation from solution might be preferred in this case as in UHV an incomplete layer or a layer with a mixture of flat lying and upright standing molecules is usually obtained, [20] [21] [22] [23] even though examples of extended islands of full layers of upright standing molecules have been reported for 1,2,4-benzenetricarboxylic acid on Cu(100) 24 , and terephthalic acid on rutile [25] [26] and Cu(100). [27] [28] Notably, for terephthalic acid on Cu the upright configuration was found for the second layer.
The solution based studies have been performed almost exclusively on fatty acids (for references see reviews by Ulman 29 and Jadhav 30 ) with the exception of terephthalic acid, 31 alkoxy derivatised biphenyl-, naphthyl-and benzenecarboxylic acid, and terphenylcarboxylic acid. [32] [33] [34] To this small set of spectroscopic studies, benzene-1,3-dicarboxylic acid (isophthalic acid, IPA), benzene-1,3,5-tricarboxylic acid (trimesic acid, TMA) and biphenyl-3,4 ,5-tricarboxylic acid (BPTCA) have recently been added. [35] [36] [37] [38] Employing a combination of X-ray spectroscopies and scanning tunneling microscopy at molecular resolution, these studies revealed that ordered layers are formed on Cu and Ag prepared as underpotential deposited layers on Au. Apart from providing insights into the very initial stages of thin film * There are varying interpretations of the term self-assembled monolayer. As used in the paper it refers to monomolecular layers where molecules are densely packed and adsorbed in an upright geometry.
growth of MOFs, 36 the combination of spectroscopy and microscopy revealed striking differences between the two metals. The weaker coordination bond between the carboxylate and Ag compared to Cu results in a very different balance between molecule-substrate and intermolecular interactions. [37] [38] This, in particular, is pinpointed by pronouncedly different adsorption geometries of TMA and BPTCA on Ag where a monopodal configuration is realised compared to Cu which yields a bipodal configuration.
Scheme 1.
The series of molecules under investigation in this work. From left to right: benzoic acid, biphenyl-4-carboxylic acid, terphenyl-4-carboxylic acid, terephthalic acid, and biphenyl-4,4'-dicarboxylic acid.
Envisioning that assembly of carboxylic acids on Ag provide a flexible route to structurally well-defined SAMs, the homologue series of oligophenylene mono-and dicarboxylic acids shown in Scheme 1 was investigated in order to systematically study the influence of the number of aromatic rings on both the conditions of film formation and the resulting structure of the SAMs. From the unexpected differences observed for TMA and BPTCA 38 it is a priori not clear how the SAM structures of all the molecules are correlated and how much the second carboxylic acid group, which would be very differently orientated compared to the systems studied so far, affects the SAM structure.
With the need of using a combination of microscopy and spectroscopy highlighted by the study of TMA 37 and BPTCA 38 , here we report the results of scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS) and near-edge X-ray adsorption fine structure (NEXAFS) spectroscopy in combination with DFT calculations to assist the interpretation of the data. For the studies Au/mica substrates were used, which have been modified by an underpotential deposited (UPD) bilayer of Ag. [39] [40] Since Ag and Au have essentially the same lattice constants, the UPD layer is less reactive compared to evaporated films and, furthermore, protected by anions, this provides a convenient access to a high quality (111) oriented surface of Ag. 2 . After the immersion, the substrate was thoroughly rinsed with RT EtOH before being dried under a flow of N 2 (g). Higher temperatures were required for the larger molecules in the series since they are poorly soluble in water and water/ethanol mixtures.
Before STM analysis, the dicarboxylic acid SAMs were rinsed briefly (~3 seconds) with an ethanolic solution of NaOH (1 mM, Sigma Aldrich, 99.2%) and dried under a flow of N 2 (g). This greatly improved resolution, most likely by rinsing away any physisorbed molecules on the monolayer surface. The structures of SAMs prepared with and without this alkali rinsing were carefully compared using STM, XPS and NEXAFS spectroscopy to verify that they were not affected by the NaOH.
Characterization. Each sample was characterized at RT by STM and synchrotron based XPS and NEXAFS spectroscopy.
STM imaging was carried out using a Molecular Imaging PicoSPM system in ambient atmosphere. Tips were mechanically cut from Pt/Ir 80:20 wire (Advent Research Materials Ltd, 0.25 mm diameter). Typical tunneling parameters of 0.002 -0.070 nA and a tip bias of ±0.20 -0.60 V were used.
XPS and NEXAFS measurements were carried out at the bending magnet HE-SGM beamline of the synchrotron storage ring BESSY II in Berlin, Germany. XP spectra were collected in normal emission geometry using a Scienta R3000 spectrometer. The energy resolution was~0.3 eV at an excitation energy of 350 eV and somewhat lower at higher excitation energy. The binding energy (BE) scale was referenced to the Au 4f 7/2 peak at a BE of 84.0 eV. 46 Spectra were fitted by symmetric Voigt functions and a linear background using Casa-XPS.
The NEXAFS spectroscopy measurements were made using a partial electron yield detector. The spectra were collected at both carbon and oxygen K-edges with retarding voltages of 150 V and 350 V, respectively. Linear polarized X-ray light with a polarization factor of~91% was used. The energy resolution was~0.30 eV for the C Kedge and somewhat lower for the O K-edge. The incident angle of the X-ray light was varied from 90°(E-vector in the surface plane) to 20°(E-vector nearly normal to the surface plane) in steps of 10 -20°to monitor orientational order of the aromatic carboxylic acid molecules in the SAMs. This approach is based on the linear dichroism in X-ray absorption, i.e. the strong dependence of the crosssection of the resonant photoexcitation process on the orientation of the electric field vector of the linearly polarized light with respect to the molecular orbital of interest. 47 The raw NEXAFS spectra were normalized to the incident photon flux by division by a spectrum of clean, freshly sputtered gold sample. Afterwards, the spectra were reduced to standard form by subtracting a linear pre-edge background and normalizing to the unity jump edge in the far post-edge range. The energy scale of the C K-edge spectra was referenced to the most intensive resonance of highly orientated pyrolytic graphite at 285.38 eV. 48 The relative shift of the O K-edge range was estimated using reference XPS measurements.
DFT calculations. Calculations of Ph 2 -COOH and Ph 2 -(COOH) 2 SAMs were carried out using the VASP program, [49] [50] [51] using the PBE functional 52-53 with Grimme's D3 VdW correction 54 and a plane wave basis set with a 500 eV energy cut off. The metal slab consisted of three Au layers and two Ag layers with 23 Å for the molecular layer and vacuum gap above it. The molecules and the uppermost Ag layer were allowed to relax. The bottom two Au layers were frozen at the bulk Au geometry and the geometry of the other metal layers was optimized then also frozen. Dipole corrections were applied in the direction orthogonal to the surface. [55] [56] RESULTS AND DISCUSSION STM. Monocarboxylic Acid SAMs. Images for Ph-COOH are presented in Fig. 1 . The layer appears uniform but, in contrast to all the other molecules studied, no specific features were discernible as exemplified by Fig. 1a . Numerous attempts to obtain high resolution were unsuccessful. At best some row type features, separated by about 5 Å could be observed which can be only vaguely seen in the original data ( Fig. 1b) but become evident in the Fourier transform (inset in Fig. 1b ) and the filtered image shown in Fig. 1c . This observation can be interpreted either as a lack of order in the SAM or as a lack of resolution. Anticipating the results from the NEXAFS measurements which indicate the presence of an ordered layer we favour the second interpretation. The difficulties to resolve the layer are, thus, caused by physisorbed molecules, which are picked up and dragged across the surface by the tip. This includes the possibility that they are generated by a tip induced detachment of a SAM molecule. An inferior stability of the benzoic acid SAM is consistent with our observation that rinsing with an ethanolic solution of NaOH causes extended damage of the layer, in contrast to the biphenyl and terphenyl SAMs where rinsing solved occasional imaging problems. High resolution imaging of the -phase (Fig. 2c ) reveals a structure which is characterised by rows of protrusions running along the
direction. The observed separation by a distance of 5.0 ± 0.2 Å suggests upright standing molecules which is corroborated by the spectroscopic measurements (vide infra). The separation corresponds to times the Ag Ag distance and thus indicates commensurability of the SAM structure along the
direction. Adjacent rows are shifted against each other such that the protrusions line up along a direction orientated at an angle of~70°to the direction. This agrees with the line features highlighted in Fig. 2a .
The less abundant -phase, seen in Fig. 2b adjacent to the -phase, exhibits a more complex structure. Highlighted by white arrows, rows of bright protrusions separated by 1 nm run along the <112> direction. A closer look reveals that these alternate with protrusions of lower height as inferred from the high magnification image (Fig. 2d ) and the corresponding height profile C. Commensurability along the < 2 11 > direction is a common feature of the two phases which otherwise differ substantially. One difference is that the -phase does not exhibit a significant shift between adjacent rows. Another one is the different periodicity along the < 0 1 1 > direction which, furthermore, cannot be described by a single unit cell vector. The rows marked by the white arrows in Fig. 2b are separated by either 23.4±0.6 Å or 37.2±0.6 Å which corresponds to 8 and 13 times the Ag-Ag distance. The occurrence of two periodicities and their large values indicate that the structure along the < 0 1 1 > direction is not fully commensurate. This is also reflected in the arrangement of the protrusions which is less regular compared to the -phase. Marking all protrusions within the two unit cells yields a rather irregular arrangement as seen from the ensemble of solid circles in /molecule. A noticeable feature of this larger unit cell is a gap between the protrusions, located about half way along the long axis and not seen in the other structures. The molecular density of all three structures is within 5%. Interestingly the more abundant -phase is slightly less dense than the -phase. We stress at this point that there is no experimental information on the adsorption sites of the molecules and, thus, the substrate lattice should only be taken as reference for the registry of the SAM with the Ag surface. The issue of adsorption sites will be addressed below in the context of the DFT calculations. The SAM formed by Ph 3 -COOH is shown in Figure 4 . The dimensions and the unit cell for this SAM match the structure observed for Ph 2 -COOH. Accordingly, as shown in Fig. 4b and 4c , mirror domains are present in addition to the three rotational domains as seen in Fig. 4a . In Fig. c the two mirror symmetric rectangular unit cells containing 3 molecules are highlighted. Notably, for this larger molecule only one structure is observed indicating a shift in the balance between intermolecular and molecule-substrate interactions.
While there is an overall excellent crystallinity of the SAM, we also observed small patches or molecular sized spots of lower tunneling contrast like those seen in Figs. 4a and 4b. We assign these to impurities consistent with the fact that the layer quality for most of the compounds studied improves pronouncedly upon recrystallisation of the substances. In addition to the periodic height modulation of the molecular lattice, there is another modulation which does not exhibit a particular pattern as most clearly seen in Figs. 4b and 4d. We interpret this as a stress phenomenon similar to what has been observed for biphenyl-alkane thiols on Au. 57 Contrasting the case where aromatic thiols without alkane spacer form rather poorly ordered layers due to the substantial corrugation of the Au-S interaction potential which does not fit to the optimal molecular lattice, 58 the weaker interaction between Ag and the carboxylate moiety seems to allow for a mismatch, thus, enabling a high crystallinity. Dicarboxylic acid SAMs. STM data for Ph-(COOH) 2 and Ph 2 -(COOH) 2 show that both dicarboxylic acid monolayers form highly crystalline SAMs. Notably, terephthalic acid SAMs as shown in Fig. 5 are routinely imaged down to molecular resolution which is in pronounced contrast to the difficulties encountered for benzoic acid presented in Fig. 1 . On a large scale (Fig. 5a ) six orientational domains are discernible which, as more clearly seen at higher magnification (inset of Fig. 5a ), exhibit a row structure. Evaluation of the high resolution image shown in Fig. 5b yields 4 .1 ± 0.3 Å for the separation of the protrusions along the rows (profile A) which is a value comparable to the stacking distances observed for the sandwich configuration of benzene. 59 Along the B direction the protrusion are separated by 6.7 ± 0.5 Å. As indicated in Fig. 5b and evidenced in Fig. S1 which shows the SAM at a substrate step the rows are rotated by about ±10°against the STM imaging of the Ph 2 -(COOH) 2 SAMs reveals an analogous picture as documented in Fig. S2 . Exhibiting the same molecular packing as terephthalic acid the only observable difference is that the domain boundaries of Ph 2 -(COOH) 2 do not appear as sharply defined as in the case of Ph-(COOH) 2 which we ascribe to a higher level of impurities present in the substance. Combining all of the information on the dicarboxylic acids, the structure depicted in Fig. 6 is suggested. We note that with the limited precision of the STM data it is not possible to unequivocally pin down the unit cell and decide whether the structure is commensurate or not. The suggested unit cell represents a commensurate structure with the smallest size compatible with the angles and distances measured. However, even this weakly commensurate one is of substantial size, well exceeding what has been reported so far for SAMs of oligophenylene based thiols or selenols. (Fig. 2d) which is not seen for Ph 2 -(COOH) 2 . This is somewhat surprising considering, looking at Fig. 6 , that there has to be a variation in the adsorption sites within the unit cell. XPS. The C 1s and the O 1s XP spectra for all 5 of these monolayers are compiled in Figure 7 and Figure 8 , respectively. The C 1s spectra have been decomposed into components characteristic of emissions from COOH (~288.5 eV), COO -(~287 eV) and the aromatic ring carbons (284-284.5 eV). 24, [35] [36] [37] [65] [66] Following previous work on SAMs of molecules featuring an isophthalic acid moiety, all spectra were fitted with one component for each signal with the exception of the main emission, which has an additional small component located at2 85.2 eV with an area of 2-6 % of the main peak. [35] [36] [37] [38] The origin of this small feature is not fully clear. On the one hand it is consistent with a residual carbonaceous impurity present after the preparation of the substrate. This is suggested by a comparison of the SAM spectra with the XP spectrum of a substrate prior to film formation (Fig. S3 ) which peaks at this energy. On the other hand it could also be a genuine feature of the aromatic system as discussed for aromatic thiol SAMs. 67 For the monocarboxylic acid species, C 1s signals are present corresponding to the aromatic carbons and the carboxylate moiety. No signal is detected in the range of the free carboxylic acid, thus, contrasting the dicarboxylic acids which show peaks of both the carboxylate and free carboxylic acid moieties. In accordance with the dense packing seen in the STM images, we conclude that the molecules in all monolayers are bound to the silver through a carboxylate-metal bond and adopt an upright geometry. Hence, in the case of the monocarboxylic acids, the outer surface of the SAM is formed by an aromatic ring and whereas in the case of the dicarboxylic acids it is COOH.
Comparison of the spectra acquired with a photon energy of 350 eV and those acquired at 580 eV provides additional information on the monolayer structure since the escape depth of the photoelectrons is significantly larger for the higher photon energy. This means that the groups buried at the metal-organic interface have an increased contribution when using higher photon energies. 37 Looking at the spectra in Figure 7 , for all SAMs the intensity of the carboxylate signal relative to the main carbon peak increases on going from 350 eV to 580 eV, which is another indication that the carboxylate is located at the SAM-substrate interface. Furthermore, in the case of the dicarboxylic acids the COOH/COO-signal ratio decreases with increasing photon energy. The corresponding numbers are compiled in Table S1 .
Analysis of the O 1s XP spectra for the monolayers of Ph-COOH, Ph 2 -COOH and Ph 3 -COOH presented in Fig. 8 is straightforward as only one signal is present, representing the carboxylate oxygens (~530.4 eV). For Ph-(COOH) 2 and Ph 2 -(COOH) 2 , the spectra can be decomposed into three components corresponding to COO -(~530.6 eV), C=O (~531.5 eV) and C-OH (~533.5 eV). 37, 65, 68 When fitting the spectra for the dicarboxylic acids, the hydroxyl and carbonyl oxygens of the free carboxylic acid group were set to a stoichiometric ratio of 1. This assumes that other oxygen species originating from the substrate preparation are displaced upon SAM formation.
Comparing spectra of the monocarboxylic acid SAMs with the spectrum of the substrate (Fig. S3 ) this assumption seems justified as the features with a binding energy above 523 eV seen in the native substrate are absent in the SAM spectra. The O 1s spectra further substantiate the conclusions drawn from the C 1s data. The absence of any signals for hydroxyl or carbonyl oxygens in the spectra for the monocarboxylic acids fits the model of a metalcarboxylate binding motif with no free carboxylic acid present. Also, the intensity of the carboxylate signal decreases successively with increasing length of the molecules which is reflected by the decreasing signal to noise ratio at going from Ph-COOH to Ph 2 -COOH and to Ph 3 -COOH.
In the case of the dicarboxylic acids, there are signals corresponding to both carboxylate and free carboxylic acid groups. The strong attenuation of the carboxylate signal for the SAM of the longer Ph 2 -(COOH) 2 molecule compared to Ph-(COOH) 2 is another manifestation of the carboxylate being buried at the metal-organic interface.
NEXAFS spectroscopy. The C K-edge and O K-edge NEXAFS data for the series of mono and dicarboxylic acids are presented in Fig. 9 . On the left, the spectra acquired at an incident angle of the primary X-ray beam 55°are shown. At this "magic angle" of incident radiation, the spectra contain purely electronic structure information about the monolayer, with no contribution from the effects of molecular orientation. 47 The panels on the right show the difference spectra obtained from subtracting the spectra obtained at grazing incidence (20°) of the X-ray radiation from those obtained at normal incidence (90°). These panels reveal information on the orientation of the molecular orbitals and, consequently, the molecules.
The most pronounced resonances in the NEXAFS spectra have been assigned on the basis of literature data. 47, 69 For the C K-edge, all spectra contain a dominant resonance from transitions into the orbital of the phenyl rings at eV Ph and into the orbital of the COOH COO groups at eV COOH ). A splitting of the Ph resonance associated with the additional COOH substitution 52 is clearly seen in the spectra of the Ph 2 -(COOH) 2 and especially Ph-(COOH) 2 SAMs The COOH resonance is hardly perceptible in the spectra of the Ph 2 -COOH and Ph 3 -COOH SAMs due to the attenuation of the respective signal, supporting once more the well-defined character of these monolayers. The O K edge spectra are dominated by the COOH resonance at 532.3 eV, accompanied by an additional feature at~544 eV related to the transition into orbital 37, 69 In all cases, the difference spectra exhibit a prominent linear dichroism, indicating a high level of orientational order within the SAMs. The signs of the characteristic peaks in the difference spectra of all monolayers suggest, in accordance with the orientations of the respective * and * orbitals, that the molecules have an upright orientation. This conclusion is consistent with the STM data Figure 9 . C (top) and O (bottom) K-edge NEXAFS spectra of each SAM on UPD-Ag/Au/mica. Left panels: spectra acquired at an X-ray incidence angle of 55°. Right panels: difference spectra resulting from subtracting the spectra acquired at an X-ray incidence angle of 20°from those acquired at 90°. The most prominent resonances are assigned. The dashed lines in the difference spectra correspond to zero.
where the distances between protrusions are not compatible with a flat-lying arrangement. Notably, there is no substantial difference in the dichroism between SAMs of Ph-COOH and the other molecules. Together with the observation that only carboxylate but no carboxylic acid peaks are seen in the XPS, this indicates that also the Ph-COOH SAM is well ordered. Hence it is concluded that the lack of resolution when investigating the surface with STM ( Fig. 1) is not a sign of disorder but relates to the imaging process. The quantitative evaluation of the NEXAFS data yields the orientation of the transition dipole moments (TDMs) of the resonances which as illustrated in Fig  is given by the angle between the vectors and the z-axis.
Comparison of the values which are compiled in Table 1 reveals two points. Firstly, the values for the COOH/COO -resonances at the C and O K-edges are, within the experimental error, identical for all compounds. Secondly, there are two sets of values for the orientation of the TDMs of the aromatic moieties. The dicarboxylic acids and benzoic acid (set I) exhibit, to a first approximation, the same orientation of the TDMs for both the aromatic rings and the carboxylic acid groups. In contrast, the -values for the biphenyl and terphenyl moieties of the monocarboxylic acids (set II) are larger by about 10°-15°whereas the values for the carboxylic acid groups is the same as for set I. Postponing a detailed discussion of the variation in the  values to the section of the DFT calculations we note at this point that the experimentally determined values represent average values from different molecules which might be in conformationally different states. It should also be recalled that due to the significant attenuation of the electron yield signal from buried moieties the tabulated values represent a weighted average. In particular, from phenyl to terphenyl there is a gradient in the contributions of the different rings to Ph resonance. In the case of the dicarboxylic acids the anchoring carboxylate groups at the SAM-substrate interface contribute progressively less to the COOH resonance than the carboxylic acid group at the SAM-ambient interface when going from phenyl to biphenyl. Another consequence of the molecule dependent attenuation is that for the monocarboxylic acids, especially for the Ph 2 -COOH and Ph 3 -COOH films, the precision of the values for the carboxylate moiety is limited as, in particular, suggested by the differences in the values determined for the C and O K-edges.
DFT Calculations. Ph 2 -COOH and Ph 2 -(COOH) 2 SAMs were modelled as for these two monolayers a complete set of spectroscopic and molecularly resolved microscopic data is available. A major point was to gain insight into the possible role of hydrogen bonding between COOH groups. Exhibiting a pronounced configurational flexibility 70 its influence on the molecular arrangement has been studied for terephthalic acid on TiO 2 .
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Compared to SAMs of trimesic acid 37 and biphenyltricarboxylic acid 38 on Ag for which COOH based intermolecular interactions were identified as a crucial structure determining element, the orientation of the COOH groups and, thus, options for intermolecular interactions are substantially different for the SAMs presented here. Given the conformational and orientational degrees of freedom of the molecules as detailed in Fig. 10 , another point of interest was how the arrangements of the phenyl and carboxylic moieties map onto the experimentally determined ensemble averaged value for the respective TDMs.
At this point it is appropriate to stress the limitations of the approach taken here. Firstly, compromises in the size and shape of the unit cells had to be made to limit the computational effort. Secondly, the choice of the starting geometries involved some arbitrariness. The main point was to place the molecules such that the carboxylate adopts a symmetric bidentate geometry in agreement with the XPS data and, lacking experimental information for Ag, choosing on-top sites in analogy to carboxylic acids on Cu 71 . Conducting geometry optimisations from different starting structures, with the carboxylic oxygen atoms on top, bridge or hollow sites, and different twist angles for the phenyl rings and carboxylic acid groups, we observed that variations of the starting geometries could produce stable structures very close in energy but notable differences in the molecular orientation and conformation which is in line with our observation of coexisting phases for Ph 2 -COOH (see Fig. 2 ). Given the complexity of the potential energy surface and the number of degrees of freedom, however, we do not claim to have covered all possible conformations. Since a more systematic exploration of the configurational landscape of the SAMs was well beyond the scope of the work presented here, the results and discussion presented here should be understood as rather an illustration of some general features of these SAMs than an exact quantitative description of the systems.
For the Ph 2 -COOH SAM, the structure of the -phase was chosen. It is the dominating phase seen in the STM experiments and described by a well defined unit cell containing three molecules, in contrast to the -phase for which a coexistence of differently sized unit cells was observed (see Fig. 3 ). The structure resulting from the DFT calculations is shown in Fig. 11 which, for better visualization, displays the SAM in sections of different fragments of the molecules. The geometry optimisation started from the configuration shown in the inset which was chosen based on the pattern seen in STM, assuming an on-top bidentate geometry and using the conformation of the molecule obtained from gas phase calculations of the isolated molecule.
The geometry optimisation resulted in a significant restructuring. The molecules, arranged in rows aligned with the < 2 11 > directions of the Ag substrate differ from the initial configuration both in their adsorption geometry and conformation of the biphenyl units. As seen from the rightmost section of Fig. 11 the carboxylate moieties adopt three different adsorption geometries. One is a rather symmetric bidentate (row 1), the second one (2) is characterised by bridge sites whereas the third one (3) combines on-top and bridge sites. It is noted that the significant change in the adsorption geometry does not substantially affect the molecule-substrate interaction energy. This is concluded from calculations with a unit cell containing one molecule and being sufficiently large for intermolecular interactions to be negligible. The difference in energy between the top-bridge and all-top configuration was found to be less than 1 kJ/mol which indicates that the change in adsorption sites and, thus, the film structure is driven by the intermolecular interactions. From the second section, which shows the benzoic acid fragment, it is seen that, like in the gas phase, the bottom aromatic ring is essentially coplanar with the carboxylate group. The third section, displaying the full molecule, reveals that the conformation of the biphenyl moiety deviates significantly from the one found for the gas phase. The twist between the two rings is not only different from the 40°of the isolated molecule but also pronouncedly dependent on the molecules with values of 20°(row 1), 0°(2) and 50° (3) . From the calculated torsion potential (see Fig. S5 ) this corresponds to an increase in energy of about 3, 8 and 1.5 kJ/mol. Correspondingly, the tilt angle (see Fig. 10 for definition) is also different for Contrasting the case of Ph 2 -COOH where the experimentally observed unit cell could be modelled at least for the -phase, the calculations of the Ph 2 -(COOH) 2 SAM are based on a crude approximation as the unit cell chosen is quite different from the experimentally observed structure whose unit cell is prohibitively large to be treated computationally. However, the dimensions along the direction where the molecules are closely spaced and, thus, H-bonding can be expected is well matching the distance observed experimentally.
The structure obtained from the calculations is depicted in Fig  It is based on an oblique unit cell containing two molecules and forming an angle of 79.1°b etween the unit cell vectors (compared to 85.6°of the experimentally observed structure). In contrast to the mon0carboxylic acid, the carboxylate moieties of the two molecules exhibit the same adsorption geometry with both oxygen atoms in an asymmetric bridge site position. As for the monocarboxylic acid the bottom aromatic ring is essentially coplanar with the anchor moiety. The top aromatic rings of both molecules are twisted against the bottom ring by about 25°, i.e., somewhat less compared to the free molecule.
While the aromatic moieties and the head groups are arranged in an almost identical fashion in both molecules of the unit cell, a pronounced difference between them exists with respect to the terminal carboxylic acid groups. This is highlighted in row 2 of the leftmost section of Fig. 12 which shows them at enhanced contrast. They are arranged in a zig-zag fashion which means that the hydrogens point to the oxygen of the neighboring COOH group The O O distance of Å agrees well with the typical distances of hydrogen bonding found in carboxylic acids.
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A consequence of the hydrogen bonded arrangement is that the COOH groups are significantly twisted against the top aromatic rings. Since these are parallel the twist angles are very different for the two COOH groups with values of~135°and~45°, respectively. Considering that the coplanar geometry of the COOH group and the ring is the preferred one for the isolated molecule, a torsion by the angles found for the structure depicted in Fig. 12 costs about 10 kJ/mol (see Fig S6) . Even though this reduces the gain in energy by intermolecular hydrogen bonding, there is a net stabilisation of the SAM structure by the COOH groups. This agrees well with our experimental observations that terephthalic acid forms a highly crystalline, stable SAM which can be imaged at molecular resolution (Fig. 5) whereas the benzoic acid SAM (Fig. 1) lacks the stability for high resolution imaging. Even though different from the chain like Hbonding discussed here, the structural features seen in STM/AFM images of terephthalic acid on TiO2 26, 60 and Cu(100) 27 have also been explained by intermolecular Hbonding. Calculations for Ph-(COOH) 2 on TiO 2 yield a pairwise interaction of COOH groups which are aligned with the aromatic ring, 61 whereas a twisted conformation was suggested for the case of Cu(100). In this context it is noted that the case discussed here and the one on Cu(100) differs from the case of 1,2,4-benzenetricarboxylic acid on Cu(100) 24 which also involves hydrogen-bonding of a carboxylic acid moiety in an out-of-plane conformation. However, in this case the out-of-plane geometry is a consequence of sterical hindrance between adjacent COOH groups. 73 Turning now to the correlation between the conformations/orientations of the molecules in the calculated structures and the orientation of the TDMs experimentally determined by NEXAFS and represented by it is seen from Fig. 10 that, for a particular moiety, depends on both the tilt angle  and the twist angle which leaves an ambiguity in the determination of a configuration unless differently oriented TDMs with a fixed correlation can be probed. 74 Furthermore, as a spatially averaging technique NEXAFS yields a value for a specific TDM which is the weighted average according to
where the index i labels the individual moieties in a molecule (e.g. the two aromatic rings) and the index j numbers the molecules in the unit cell. g i,j is a weighting factor which takes into account that due to the limited escape depth of the electrons the contribution of a moiety to the total signal depends on its position within the layer. It is a relative number quantifying how much the signal from a more buried moiety is attenuated compared the one attenuated least (e.g. COO -vs COOH).
Calculating the twist and tilt angles and  from the atomic coordinates as outlined in the Supporting Information, the  values are compiled in Table 2 for i) the individual moieties, ii) the average of one molecule (where applicable) and iii) the average over all molecules of the unit cells. It also contains calculations for two different values of the attenuation factor g. Table 2 two things are worth noting. Firstly, for the monocarboxylic acid, unlike the dicarboxylic acid, there is a substantial variation in the orientation of the benzene rings both across the different molecules and between the top and bottom phenyl rings. This variation is largest (17°) for molecule 3. This, on the one hand, suggests that the SAM structure can well deviate from the usually assumed uniform orientation and coplanar conformation of the phenylene moieties. This argument has also been given preference over electronic effects in the interpretation of NEXAFS spectra of pyridine phenylene thiol where the experimental spectrum is best described by simulations assuming a twist between the two aromatic rings. 75 On the other hand, the derived intramolecular twist angles in the SAMs are noticeably smaller than those observed for the respective moieties in the isolated molecule. Secondly, even though the effect of attenuation is overall rather small for the averaged values it can be more substantial or even show opposite trends depending on the exact orientation of the moieties. Taking the case of the carboxylic acid/carboxylate groups of Ph 2 -(COOH) 2 there is a minimal decrease in  for molecule 1 whereas for molecule 2 the value increases when increasing the attenuation. Comparing the calculated models with the experimental data highlights a general issue related to the interpretation of the experimental data. In the ideal case features observed experimentally are directly mirrored in the calculated models, thus, allowing for a more detailed interpretation. An example is the structure of the monocarboxylic acid Ph 2 -COOH (Fig. 11) for which the calculations yield variations in tilt angles and conformations for the three different molecules in the unit cell. This agrees well with STM images where a variation in height by about 1 Å and non-equidistant separations of the protrusions are observed for the monocarboxylic acids (Figs. 2 and 4) . However, there is another rather fundamental aspect to this which is the reduction in information associated with averaged spectroscopic information such as the orientation of TDMs. This is pinpointed by Ph 2 -(COOH) 2 for which the average  values from the model are 71°for the aromatic ring and 74°-75°for the COOH/COO -. This seems to be consistent with the experimental finding that all moieties exhibit essentially the same orientation and the obvious interpretation of these averaged values is that all entities are coplanar. However, the pronouncedly different values (67°and 85°) for the two COOH groups in the unit cell of the model offer a different explanation which, as seen in the model of Fig. 12 , is a pronounced rotation of the COOH moieties out of the plane of the benzene rings, thus, enabling H-bonding along the zig-zag chains.
Looking at

CONCLUSION
The molecularly resolved microscopic and spectroscopic studies of the series of aromatic carboxylic acids presented here demonstrate that highly ordered monolayers are formed by anchoring the molecules via silver-carboxylate coordination bonding. In combination with our earlier studies on SAMs of trimesic 37 and biphenyltricarboxylic acid 38 [62] [63] [76] [77] where the head group-substrate interaction plays a dominant role for the film structure, the weaker carboxylate-Ag interaction decisively shifts the balance of structure determining factors towards intermolecule interactions. This promises more flexibility in the design of SAMs as a mismatch between the molecular lattice and the substrate does not introduce stress to the extent that formation of a structurally well-defined layer is impeded. Without the dominance of the molecule-substrate interaction it should be more straightforward to adapt bulk derived design principles for the two-dimensional systems. With conformational flexibility adding additional degrees of freedom in the design of layers the studies also illustrate the need for calculations to assist the interpretation of the experimental data.
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